The early detection and treatment of breast cancer is of direct benefit to patients. Magnetic resonance imaging (MRI) is a promising modality for detection, diagnosis, and staging of breast cancer. MRI enables two methods: the diffusion-weighted MRI (DW MRI) and the dynamic contrast enhanced MRI (DCE MRI). DW MRI reflects the diffusion of water molecules in the extracellular fluid space and allows the estimation of cellularity and tissue structure. The value of the diffusion of water in tissue is called the apparent diffusion coefficient (ADC). ADC values in malignant lesions are smaller than in benign tissue. DCE MRI yields appropriate pharmacokinetic data of physiological parameters that relate to tissue perfusion, microvascular vessel wall permeability and extracellular volume fraction. Gadolinium based contrast agent is usually used in breast DCE MRI diagnostics. Changes in the post-contrast signal intensity help to distinguish lesions according to characteristically enhanced accumulation of contrast agent. Malignant lesions are characterized by a faster and stronger signal enhancement than benign lesions which relate to their neoangiogenesis. Over the last few years, there has been appreciable interest in the use of magnetic resonance spectroscopy (MRS) for the non-invasive analysis of breast tisue metabolites. One of the spectroscopic hallmarks of the neoplastic process appears to be the presence of total choline signal in the in vivo spectrum. Despite the fact that MRI and MRS achieve excellent results, they are still not so frequently used in comparison to mammography and breast ultrasound.
INTRODUCTION
Breast cancer is a major cause of cancer-related deaths among women in most western countries (1 -4) . According to recent statistics, the mortality and morbidity rates of breast cancer are the highest of all cancers in women in the Slovak Republic (4, 5) . Therefore, early detection and treatment of breast cancer is necessary to patient survival.
MAGNETIC RESONANCE IMAGING (MRI)
The use of MRI as a diagnostic tool for detecting breast cancer began in the 1970s (2, 6) . With the introduction of contrast agents, advances in surface coil technology, and development of new imaging protocols, MRI has emerged as a promising modality for detection, diagnosis, and staging of breast cancer (1, 6 -9) . MRI enables three investigative methods: the conventional MRI, the diffusion-weighted MRI (DW MRI), which aims at a meticulous analysis of the lesion's structure, and the dynamic contrast enhanced MRI (DCE MRI), which is based on tissue pharmacokinetic investigations (8, 10 -12) .
DIFFUSION-WEIGHTED MRI (DW MRI)
First proposed for the purposes of breast cancer detection in 1997, DW MRI has been suggested as a potential adjunct to the existing MR protocol in order to improve the overall specificity of breast MRI. DW MRI provides information on microstructure which has been shown to be an important index of tumor grade, and local tissue architecture, which is a sensitive early indicator of abnormality (51, 52) . DW MRI reflects the diffusion of water molecules in the extracellular fluid space and allows estimation of cellularity and tissue structure (48 -55) . DW MRI is based on random Brownian motion of molecules during the interval of excitation and signal measurement which reduces the amplitude of the resulting signal. The application of an appropriate pulse allows the measurement of the signal cancellation due to diffusion in a given direction. While normal tissue exhibits gross signal loss, areas with restricted motion of molecules like densely packed tumor cells show less signal loss and become bright in diffusion-weighted images (Figure 1) . Fig. 1 Female, 48-year-old patient presenting infiltrating ductal carcinoma in the left breast. Axial, 3D gradient T 1 -weighted sequence with fat-suppression at early postcontrast phase (A), diffusion-weighted sequence (b = 500 s / mm 2 ) in the axial plane (B), and apparent diffusion coefficient (ADC) black / white map in the axial plane (C) show microlobulated nodule with suspicious contrast-enhancement. Note that the nodule presents high signal intensity on the diffusion (arrow) and signal loss on the ADC map (arrow), suggesting restricted diffusion of water molecules (55) The value of the diffusion of water in tissue is called the apparent diffusion coefficient (ADC). Based on the diffusion-weighted images an ADC map can be calculated which shows the ADC value of each voxel in every slice. Restricted water movement in tumors with high cellularity leads to smaller ADC values than in benign tissue. This is likely to be caused by increased cellularity, larger nuclei, and less extracellular space. Furthermore, in malignant tumors, a higher percentage of microvessels is present than in benign tissue. Perfusion may, therefore, artificially increase ADC in malignant lesions and hinder differentiation (44, 46 -48, 51, 53, 54, 55) .
However, in tumor clusters the diffusion is vastly restricted in every direction and therefore it is sufficient to measure DWI of the breast in just one orientation. In most applications the diffusion gradients are integrated in echo planar imaging (EPI) sequences which exhibit high signal intensity in areas with restricted diffusion as well as in fatty tissue. Furthermore, the fat signal is displaced in the direction of the chemical shift as compared to the water signal. This makes fat saturation techniques necessary to identify the lesions in the diffusion-weighted images (44, 47 -49) .
Image interpretation starts like conventional breast MRI. If a lesion is visualized in the dynamic scan it has to be identified in the corresponding slice of the diffusionweighted images. As a second step, a region-of-interest (ROI) is drawn in the centre of the lesion and copied to the ADC map. The scanner software provides the mean value within the ROI which equals the ADC value. The ADC in each voxel is a sum of the true ADC and noise. To estimate the true ADC, the noise must be minimized. This is especially important for small lesions, where the accurate determination of the mean ADC relies on only a few voxels. The precision of ADC determination reaches a maximum at a b value, which is a scan parameter. The b factor depends on target organs, lesions, and equipment. The optimum b factor should sufficiently suppress the background signal of the mammary gland and provide a cancer signal that is strong enough to allow image interpretation. Previous studies have suggested that the optimal b value for breast lesion classification with DW MRI is between 700 and 1000. However, it is also well known that higher b values result in reduced signal to noise ratio (SNR) and therefore lower image quality. If the lesion is not visible in the b 800 images, the location of the lesion can be identified at least b in the 50 image, otherwise the ADC value can not be evaluated (44, 47, 50, 51, 53, 55) . Lesions smaller than 5 mm and lesions with central necrosis and an enhancing rim smaller than 5 mm are often harder to delineate in the DWI or lead to wrong ADC values (44, 47) . Application of DW MRI to the breast has been limited by movement artifacts such as breathing and heartbeats (49, 52, 55) .
DYNAMIC CONTRAST ENHANCED MRI (DCE MRI)
DCE MRI yields appropriate pharmacokinetic data of physiological parameters that relate to tissue perfusion, microvascular vessel wall permeability and extracellular volume fraction (9, 12 -15) . DCE MRI, on the other hand, is a technological process in which serial T 1 -weighted 3D MR images of both breasts are acquired before and repetitively after the administration of the contrast agent. This agent, usually gadolinium based, is a paramagnetic substance which generates its own magnetic field. This magnetic field decreases relaxation times (T 1 , T 2 ) and so enables differences between tissues according to the volume of contrast agent (9, 10, 11, 14, 16) . Gadolinium -diethylenetriamine pentaacetic acid (Gd -DTPA) contrast agent is commonly used in breast DCE MRI (10, 11) . The first to apply Gd -DTPA as a contrast agent in breast MRI was Heywang et al. in 1985. Following that in 1989 Kaiser et al. first reported dynamic breast MRI, as a modality designed to track rapid changes in signal intensity (7, 14, 24) . Changes in the post-contrast signal intensity helped to distinguish lesions according to characteristic enhanced accumulation of contrast agent could then be related to higher tissue microvascularity (1, 7, 12, 13, 15, 17, 18) . Tumor growth is dependent on angiogenesis, which provides the tumor with nutrients. Therefore, the microvessel density is much higher in cancers than in healthy ti ssue (9, 14 -16, 19) . Malignant lesions are characterized by a faster and stronger signal enhancement than benign lesions which relate to their neoangiogenesis. However, benign lesions may also show rapid enhancement during strong hormonal stimulation (e.g., pregnancy, oral contraception, fibroadenomas) (6, 9, 10, 14, 15, 17 -20) .
Subsequently, a small ROI is drawn over the region that appears to be the most enhancing in the lesion and the enhancement values at different pre-and post-contrast time points are calculated over this to form the kinetic curve ( Figure   A 
2) (7, 8, 10, 11, 20, 21) . With the use of dynamic data sets, two different criteria may ensue to describe lesion enhancement kinetics: 1. The first is to analyse the behaviour of signal intensity in the early phase after the administration of contrast material. It is evaluated by means of the steepness of the postcontrast signal intensity curve. Several descriptors are applied to this criterion: curve slope, early-phase enhancement rate, enhancement velocity, or percentage of increase in signal intensity. The largest increase in relative signal intensity which usually occurs in the first postcontrast minute is referred to as the enhancement or wash-in rate. The malignant lesions tend to have higher enhancement velocities than benign ones (1, 7, 11). 2. A more common practice, as a modality for any cancer detection is to observe the signal intensity behaviour in intermediate and late post-contrast phases of the DCE MRI curves (7, 8, 9, 22) . The late post-contrast phases of the DCE MRI curves depend on their shapes and are categorized into three types as shown below in Figure 3 (7, 8, 10, 11, 13, 21) : v Type I, a persistent curve with continuous increase in enhancement for benign lesions, v Type II, a plateau curve that reaches a maximum signal intensity approximately 2 to 3 min after contrast agent injection. The signal intensity remains constant after reaching the maximum because of saturation effects. A plateau curve can be seen with both benign and malignant lesions. v Type III, a washout curve with decreasing signal intensity after peak enhancement for malignant lesion; Fig. 2 The principle of creating kinetic DCE MRI curves (21) Fig. 3 The three types of kinetic DCE MRI curves; type I: a persistent curve for benign lesions, type II: a plateau curve for both types of lesions, type III: a wash out curve for malignant lesions (10) A breast tumor leads to angiogenesis, i.e. the formation of new vessels and/or the sprouting of existing capillaries. These newly formed vessels yield an early contrast agent enhancement, and therefore, a strong contrast agent washin. Furthermore, the vessels, as a result of the angionetic activity of the tumor, become highly permeable and a rapid contrast agent washout would then be expected in tumorous tissue (2, 9, 14 -16, 19) . In many cases, the targeted tumor is very heterogeneous and the most appropriate part of it then is not so easily determined. To avoid the distortion of the average time-intensity curve, the ROI should be very small and must not include dead tumor cells (necrosis) or surrounding tissue. The heterogeneity of tumor vascularization, the proximity of necrotic and vital tumor tissue, and the subjectiveness of ROI placement complicate the interpretation of the kinetics and may even result in unrevealed malignant tissue. This could happen, if an ROI covers malignant and benign tissue, with an average curve shape indicating benignity (2, 7, 8, 10) . Whereas it is still not standardized the method for generating kinetic curves is accepted as both inter-and intraobserver variability (7, 8, 10, 11, 20, 21) . In general, though, DCE MRI has excellent sensitivity despite its variable specificity for breast cancer detection (10, 14, 15, 22, 24) .
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MAGNETIC RESONANCE SPECTROSCOPY (MRS)
Over the last few years, there has been appreciable interest in the use of proton magnetic resonance spectroscopy for the non-invasive diagnosis of breast lesions. The normal breast consists of glandular and adipose tissue, which in the proton spectrum exhibit large signals from water (4.7 ppm) and lipid resonances (multiple lipid resonances: at 0.9 and 1.3 ppm, at 2.2 and 2.5 ppm, at 5.2 ppm). When water and lipid suppression pulses are turned on, it becomes possible to observe much smaller metabolite signals: various compounds including choline (Cho, 3.2 ppm), creatine (Cr, 3.0 and 3.9 ppm), taurine (Tau, 3.3 ppm), glycine (Gly, 3.5 ppm), and alanine (Ala, 3.8 ppm), amongst others (27, 28, 38, 39, 43) . It should be noted that these signals are generally only clearly observed using high-strength magnetic fields (at least 4 T) and state-of-the-art methodology. Using lower field strength (1.5 T) systems, the only observable signals, in the normal breast tissue, may be residual water and lipids. One (27) of the spectroscopic hallmarks of the neoplastic process appears to be the presence of a choline signal in the in vivo spectrum, predominantly consisting of phosphocholine (PC), glycerophosphocholine (GPC), and some free choline itself usually in higher concentrations than in normal tissue or in non-malignant lesions (Figure 4) . However, the precise mechanisms that produce an elevated total choline (tCho) concentration have not yet been fully identified. A working hypothesis is that elevated tCho is an indicator of increased cellular proliferation. The largest component contributing to the tCho peak from neoplastic tissue is phosphocholine, a known precursor of membranes. Thus, the increased tCho in neoplastic tissues may be a reflection of increased membrane turnover by replicating cells (27, 29, 30, 37 -39, 43) . Normal tissue, and many firoadenomas, should not exceed a Cho concentration of 1 mmol.kg -1 , so a concentration higher than this value is suspicious for malignancy. However, this may not be the case under all circumstances; for instance, it has been reported that Cho and lactose signals (~3.8 ppm) can be observed in women who are lactating (27, 37, 39) .
MRS may also be used to determine if a tumor is responding to a particular chemotherapy regime. It has been hypothesized that biochemical measurements of tumor Cho will decrease as cells are killed, prior to reduction in tumor size. An earlier indicator of tumor response could in principle be used to alter chemotherapeutic agent or dosage, rather than performing several weeks of ineffective therapy (27, 38 -40) .
Various factors, as listed below, should be kept in mind when evaluating spectra from breast lesions (27, 31, 32, 37, 39) : v Lesion size: Since the signal-to-noise ratio (SNR) of a spectrum depends linearly on the voxel size (amongst other factors), smaller lesions will be less likely to show detectable tCho signal than larger ones. Limitation of lesions is 2 cm 3 or larger at 1.5 T. v SNR: It should also be kept in mind that, under high SNR conditions, it is possible to detect tCho signal from normal fibroglandular tissue. Spectral resolution and SNR are critically dependent on magnetic field homogeneity, which can be challenging to optimize in the breast, even at field strengths of 1.5 T. v Field homogeneity: For better homogeneity sensitive phased-array receiver coils should be used. Breast and respiratory motions are undesirable under these circumstances. v Suppresion of water and lipids: It has been shown that small magnetic field instabilities can modulate the large lipid signals typically found in the breast to produce discrete sidebands, which can overlap with or mimic small Cho signals.
CONCLUSION
After establishing the existence of a lesion in breast, it is critical to determine whether this lesion is benign or malignant. The sensitivity of breast cancer detection by mammography is 69 % -90 %. It has been estimated that between 5 % and 15 % of tumors are missed. Sonographic classification of benign and malignant tumors is of a low specificity as well-approximately 30 % (6, 27, 37, 45 -49) .
MRI has been the most commonly used modality due to its wide availability and lack of ionizing radiation (20) . Due to increased vascularity and capillary permeability of tumors, DCE MRI shows better distinction between lesions and normal tissue than conventional MRI alone (1) . Despite the fact that MRI and MRS achieve excellent results, they are still not so frequently used in comparison to mammography and breast ultrasound. From current consensus, NMR is particularly suited for specific cases, such as patients who have undergone breast-conserving therapy, patients who have high risk of developing breast cancer, patients with implants, plus, postoperative scars, or clinical evidence of breast cancer that can not be detected by other diagnostic me -
thods (1, 6, 10 -12, 15, 22, 24) . Breast MR imaging may improve detection of localized breast cancer by revealing multifocal growth in patients scheduled for conservative breast surgery (9, 11, 12, 22) . In general, the sensitivity reported for diagnosis of breast cancer using MRI is larger than 90 %, but the reported specificity varies considerably and may be substantially lower (1) . The sensitivity of breast DCE MRI has been reported to range from 90 % to 100 % for the detection of breast cancer, whereas the specificity has been reported to be between 20 % and 90 %, which is likely to be lower than the sensitivity (3, 6, 8, 26, 27, 52) . DW MRI is the only method to measure molecular diffusion in vivo. Furtheremore, it provides extensive information without contrast medium. An ADC threshold level between malignant and benign lesions with a diagnostic accuracy is around 95 % (49, 52, 53) . MRI s main disadvantages are: it has a long scan time and it is a relatively expensive examination. The use of contrast agent is contraindicated in patients with a high risk of nephrogenic systemic fibrosis. The Committee for Medicinal Products for Human Use (CHMP) does not recommend their use in the following cases (10, 15, 25) : v in patients with kidney problems and patients receiving a liver transplant, v in neonates and infants, v in the elderly, v in pregnant or breastfeeding women.
It is still valuable to add additional modalities which could increase diagnostic confidence. Magnetic resonance spectroscopy has the potential to fulfil this role. Furthermore, MRS is low-risk in that it is non-invasive, and does not involve radiation. It can also be cost-effective and useful in radiographically dense breasts.
1 H MRS of the breast has a sensitivity of 70 % -96 % and a specificity of 83 % -93 % for the detection of breast cancer (37, 38, 41 -43) . Nevertheless, at present it largely remains mainly an experimental procedure (27, 33 -37) .
